Measurements of the effect of a magnetic field on the light output and current through an organic light emitting diode made with deuterated aluminium tris(8-hydroxyquinoline) have shown that hyperfine coupling with protons is not the cause of the intrinsic organic magnetoresistance. We suggest that interactions with unpaired electrons in the device may be responsible.
In recent years there has been an increasing interest in the study of magnetic field effects on charge transport and recombination in organic light emitting diodes (OLEDs). Initial work by Kalinowski et al. [1] showed that, for aluminium tris (8-hydroxyquinoline) (Alq 3 ) based devices, it was possible to increase the current through a device by ~2.5% whilst improving the device efficiency by ~3%. These effects were observed at modest magnetic fields of less than 500 mT with the majority of the effect having occurred at fields of less than 50mT. These results have now been replicated in a number of organic molecular and polymeric systems [2] [3] [4] and are thought to be an intrinsic property universal across organic semiconductors. The effect of a magnetic field on the current has been dubbed organic magnetoresistance (OMR). However, there is still considerable discussion as to the precise mechanism behind the effect, with models based on either excitonic [1, [5] [6] [7] [8] [9] or bipolaron [10] effects.
Despite the discussion about the details of the mechanism responsible for OMR, all the potential models rely on some degree of spin dynamics, with a common suggestion that spin-carrying radicals (polarons, excitons) are affected by hydrogen hyperfine fields [1, 5, [10] [11] [12] [13] . These assumptions have been largely based on the observation that OMR occurs at very low magnetic fields, which are commensurate with those expected for hyperfine interactions. Despite this assumption, there has been little work to actually prove that hyperfine interactions are responsible. Nguyen et al. [13] tried to deduce the role of hyperfine coupling in OMR by studying device structures based on C 60 , which contains no hydrogen. In their work they produced C 60 devices with a range of electrodes.
Devices consisting of ITO/C 60 /Ca/Al or Au/C 60 /Ca/Al showed no OMR, whereas C 60 devices, using the highly doped conducting polymer poly (3,4- The authors suggested that, despite control devices which consisted of PEDOT only showing a negative OMR, the OMR found for the PEDOT/C 60 device was not due to the C 60 . It was therefore concluded that hyperfine interactions were the likely cause of OMR.
We note that the absence of OMR in a given voltage range is not proof that the phenomenon can never occur in a particular material; there is still some debate as to the mechanism behind OMR and hence the conditions necessary to observe it. For example, the excitonic models suggest that exciton formation is an essential prerequisite for OMR and hence device structures with poor electron and/or hole injection will not show the effect. Indeed we have investigated OMR in the "hole-transport" material N,N'-diphenyl-N,N'-bis(3-methylphenyl)-(1,1'-biphenyl)-4,4'-diamine (TPD). For ITO/TPD/Au structures, which would be expected to be predominantly hole transport devices [14] , no OMR could be observed below 7 V, whereas by replacing the gold with a better electroninjecting contact, such as aluminium, the onset of OMR could be seen at 1.4 V and weak electroluminescence could be observed at 3.5 V even though the power efficiency of the device was only ~10 -7 %.
In light of this we have attempted to elucidate the role of hyperfine coupling due to hydrogen atoms on OMR by producing devices using deuterated aluminium tris (8- [16] . A Teflon coated high pressure bomb containing a Teflon stirrer bead was charged with 8-hydroxyquinoline (1 g), D 2 O (13 ml), acetone-d 6 (2 ml) and a Pd/C catalyst (10% Pd, 0.5 g). The bomb was then heated in an oil bath at a temperature of 200°C with stirring at an estimated pressure of ~30-40 bar for 48 hours. The deuterated 8hydroxyquinoline product was isolated and then recrystallized from hexane and characterised by mass spectrometry and 1 H and 13 C NMR spectroscopy. This material was then used to fabricate Alq 3 -d 18 using a reaction with aluminium chloride in a methanol/water mix using an ammonia buffer. The resultant Alq 3 -d 18 was purified by vacuum sublimation, at ~10 -7 mbar at a temperature of ~230°C, and characterised by mass spectrometry to ensure there was no proton exchange during the synthesis. The mass spectrometry of this material showed that it was 97% deuterated.
Devices were grown on an ITO coated glass substrate with a sheet resistivity of ~13 Ω/□ and consisted of a 100 nm of Alq 3 or Alq 3 -d 18 with a cathode of 1nm LiF and 100 nm of aluminium. The ITO substrate was patterned using photolithography and cleaned by sequential ultrasonication in detergent solution, water, acetone and chloroform.
Following this, the ITO was treated in an oxygen plasma for 5 min at 30 W and 2.5 mbar pressure using a Diener electronic femto plasma system. The plasma-treated substrate was immediately transferred to the deposition chamber for device fabrication. The deposition of the organic layers and metal electrodes were performed using a Kurt J. Lesker SPECTROS evaporation system with a base pressure during evaporation of ~10 −7 mbar. The rate of deposition of organic materials was about 0.2 nm/s while that of the aluminium was varied from ~0.1 to 0.5 nm/s. A calibrated oscillating quartz crystal 5 monitor was used to determine the rate and thickness of the deposited layer. The whole device fabrication was performed without breaking vacuum.
Immediately after growth, the devices were placed in a light-tight sample holder with a calibrated silicon photodetector (Newport 818-SL) placed on the top surface of the device. The sample holder was placed between the poles of an electromagnet with the magnetic field perpendicular to the direction of current flow in the device. The photodetector was tested under various illumination levels to make sure there was no field dependence on its output. Measurements were taken with the device operated in constant voltage mode. Before and after each field measurement, a measurement at null field was taken. These two readings were averaged and used to remove any effects due to device drifting, thus allowing us to determine the effect of the magnetic field. Voltage sourcing and current measurements were performed using a Keithley 236 source-measure unit with current measurements being averaged over 32 readings. The optical power output was measured using a Newport 1830 optical power meter. device showing a higher leakage current below turn on and a slightly higher drive current. The efficiencies of the two devices show that the Alq 3 -d18 has an efficiency approximately twice that of the Alq 3 device, this is similar to Tong et al. [16] .
Interestingly when we produced devices using a hole transport layer of TPD we found 6 that the device efficiencies of the deuterated and undeuterated materials were identical.
This may be evidence that the hole injection from ITO into the Alq 3 and Alq 3 -d18 may be slightly different resulting in improved electron/hole balance in the device. Figure 2 shows the OMR (percentage change in current) as a function of magnetic field for the two devices at a number of drive voltages. For the deuteration levels we have achieved in this work (97%), there are on average only ~0.5 residual hydrogen atoms on each molecule, compared to 18 in Alq 3 . Whilst there are small variations between the two devices, with the Alq 3 OMR being slightly lower at low drive voltages but becoming higher as the drive voltage is increased, the correlation between the Alq 3 and Alq 3 -d 18 devices is quite remarkable; the OMR for the two devices have an almost identical shape and magnitude. This suggests that hydrogen hyperfine fields in Alq 3 do not significantly contribute to OMR. The strong similarities between the two devices is convincing evidence that the most important mechanism for OMR has a different origin to hyperfine fields.
In addition to affecting the current through the device, the magnetic field also changes the device efficiency, as we have observed in our previous work on OMR [7] [8] [9] 14, 17] . The cause of OMR in OLEDs is still under debate. However, under the excitonic models it is suggested that the increase in efficiency is caused by a change in the relative population of singlets and triplets, and that this interaction is frequently cited as being of a hyperfine scale and hence due to interactions with proton spins [1, 5, [10] [11] [12] [13] . Figure 3 shows the percentage change in efficiency for the Alq 3 and Alq 3 -d 18 devices over the same range of voltages as in Figure 2 . Again it can be seen that the curves are remarkably similar, but that the maximum change in efficiency is up to ~10% less in the 7 Alq 3 -d 18 device than for Alq 3 . Although this is within the variation that we find for nominally identical devices it is interesting that the change in efficiency is consistently lower for the Alq 3 -d18 compared to the Alq 3 . Whether one considers that the change in efficiency with magnetic field is caused by mixing between the singlet and triplet states at either the pair state or excitonic level, it is clear from these results that neither the change in efficiency or the OMR are likely to be due to hyperfine interactions with protons as the replacement of the protons with deuterons should completely remove the effect rather than having a minor perturbation. We therefore conclude that interactions with proton spins are not the primary mechanism for the spin dynamics responsible for the observed change in OMR or efficiency; it is therefore necessary to consider other possible mechanisms.
Hyperfine interactions with other nuclei, such has 13 C, or impurities are unlikely to be responsible, since they are dilute and would be much weaker than those due to protons.
Hence, if removing the protons shows no effect, other nuclear spin interactions can also be ruled out. Spin-orbit (SO) coupling could also a possibility but this is typically weak for the light elements found in organic semiconductors [18] . In our previous work, we found that changing the atomic mass of the central ion in the quinolate system from aluminium to indium has virtually no effect on the change in efficiency with applied magnetic field [17] . Since there is a well-known heavy atom effect to SO coupling [19] , if it were an important ingredient behind OMR, more than quadrupling the mass of what is already the heaviest ion in the molecule should result in a significant increase in the interaction strength. It is therefore safe to conclude that SO coupling is not responsible for the mixing between triplet and singlet states under the influence of a magnetic field.
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In light of this we suggest that interactions with paramagnetic species may be the dominant factor. Although these could be trapped charges, the relatively low concentration of these in addition to the short range of any coupling make this unlikely.
Of far more relevance would be the interaction with free electrons (polarons). The magnetic moments of electrons are almost three orders of magnitude greater than for protons and one would therefore expect them to have a strong influence on spin decoherence, since the isotropic hyperfine coupling constant varies with the product of the two magnetic moments [20] ; therefore the interaction would be expected to be a factor of ~660 stronger for electron-electron compared to electron-proton interactions.
The role of unpaired electrons as spin scattering centres is well understood in other material systems. For example in amorphous Si and Ge the role of dangling bonds on spin scattering has been observed experimentally [21, 22] . Furthermore, the impact of dangling bonds on spin scattering in organic semiconductors has been considered but has not been thought to be very important due to their low concentration [23] . It is clear therefore that unpaired spins can act as strong spin scattering centres and the key issue for how important such a process would be in OMR is related to whether the interaction distance is sufficiently small at the current densities at which OMR is observed.
The triplet-polaron interaction (TPI) model for OMR [7] suggests that, like many other excitonic models, the primary effect of the magnetic field is to change the balance between singlets and triplets. This may happen through an interaction at the exciton level, but an exchange at the pair state level would give the same result [7] [8] [9] . The net effect of this interaction is to produce more singlets (thus improving efficiency) whilst reducing the triplet population. The TPI model suggests that it is this reduction in the triplet population that is responsible for the relative change in current (i.e. the OMR is a secondary effect). The initial assumption for this mechanism is that changes in the triplet population change the mobility of the polarons, which has been experimentally verified by dark injection measurements in poly-(3-hexylthiophene) (P3HT) layers with either Au/P3HT/Au or Au/P3HT/Al structures [15] . In that work, it was suggested that if a polaron had the same spin state as the corresponding state on the triplet exciton then the site would be effectively blocked to transport and hence mobility would be decreased. In addition, if the polaron had an opposite spin state to the corresponding state on the triplet then the polaron could interact with that triplet and there would either be a scattering event, resulting in a triplet and polaron, or a quenching event which would leave only the polaron. Again, either of these processes would have some interaction time and would be expected to result in a decrease in mobility.
This model of OMR suggests that the interaction of polarons with triplet excitons is important, which implies that the polarons are either adjacent to or on the molecule in the triplet state. The current density at which we first see evidence of OMR in our devices, ~0.01 A/cm 2 , corresponds to ~6 x 10 12 electrons/s.cm 2 . Given that Alq 3 has an areal density of ~1.6 x 10 14 molecules/cm 2 we can calculate the ratio of the areal density of polarons per second to Alq 3 molecules to be ~0.01 electrons per second per molecule.
Given that for a typical device thickness the active layer is ~100 molecules thick this means that even at the lowest current density at which we observe OMR there is a high probability of a polaron visiting any molecular site. Since typical operating current densities are of the order of 1-10 A/cm 2 , interactions between polarons and any molecular site are inevitable. We therefore suggest that as hyperfine coupling to proton spins has 10 been ruled out, interactions between paramagnetic species (polarons) and excited states (or pair states) may be responsible for decreasing the triplet concentration and hence increase the efficiency and current density in the device, although we cannot rule out other more exotic scenarios [e.g 24]. 
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